Abstract-This paper addresses the analysis of WCDMA systems with repeaters deployment. A generic and compact expression for up-and downlinks evaluation has been mathematically derived so that transmission powers and other radio resource management parameters can be calculated without simplifications. In particular, the real different path delays, taking into account the repeaters presence and the finite nature of the time window of Rake receivers are considered. This allows an enhanced analysis with respect to classical approaches from a system level viewpoint. Furthermore, higher reliable and accurate predictions on network performance can be obtained, which can be remarkably useful for network planning and management. By using these expressions, relevant network parameters have been evaluated and compared with the ones obtained using the classical approximations. The differences in the obtained metrics are highlighted, putting in evidence the improvement provided by the proposed analysis.
I. INTRODUCTION

M
OBILE communications systems often work under high heterogeneous conditions, in both time and space domains. Optimizing the design of radio access networks is a technical and economical challenge for operators. In this sense, active repeaters (non-regenerative) are of special interest when considering the coverage of a mobile communications system in a certain set of situations, which include filling in coverage holes in valleys, tunnels, buildings or extending the service area beyond cells boundaries. Despite their use in 2G (second generation) networks, repeaters are expected to play even a major role in planning WCDMA (Wideband Code Division Multiple Access) systems. Some of the reasons are:
• Since adjacent cells share the same power, repeaters are a cost-effective option to reduce inter-cell interference, particularly in environments with hotspots. If properly adjusted, they can reduce the coupling loss between the base station (BS) and mobile terminals (MT) that are close to the repeater. Therefore, in the uplink (UL), MTs use a lower output power and the interference in neighbouring cells is reduced. The work in [1] studies the use of repeaters in WCDMA systems with hotspots and reveals this fact among others. Subsequently, the BS that is connected to a repeater will be denoted as its donor BS.
• Radio over fibre and optical wireless are mature enough technologies to allow a dense deployment of repeaters, especially in urban environments. Paper [2] describes two radio over fibre systems, for GSM and UMTS networks.
In the first case, the article also describes a real and complete system as well as results obtained in fieldtests, which were designed to improve coverage inside a building.
• Indeed the use of higher frequencies in WCDMA systems will imply higher propagation losses. Repeaters can be key devices to guarantee indoor coverage at a low cost.
• During the last years, repeaters have improved in terms of operation and maintenance capabilities.
Unfortunately, since repeaters are not noiseless devices, they modify the interference and thermal noise patterns of the donor BS receiver (RX). This implies an effect in both the coverage and capacity of the cell. Since the noise floor of the donor is raised, its effective coverage area is shrunk. However, this will be clearly compensated by the new areas, covered by the repeaters. On the other hand, the maximum allowed load factor is more likely to be reached, and so another effect is the reduction of the admission region in the donor BS [3] .
In a mobile communications system with repeaters, signal contributions from the donor BS and from repeaters arrive through different paths, and those ones passing through a repeater are usually 'longer' (both in spatial and time domains). This is because of the delay introduced by the link between the repeater and the donor BS, and the internal delay of the repeater itself. In fact, the link can be established via various transmission media, such as fiber optic or copper, which show some advantages compared to radio, but also imply lower propagation velocities. On the other hand, the Rake RX performs a delay profile characterization [4] and just those components within a certain time window are constructively combined. Therefore, with the introduction of repeaters, the system analysis is significantly modified and must be revised.
Although much previous research efforts have been focused on the analysis of CDMA-based systems ( [5] - [7] ), only to cite a few), not many studies in the literature analyze the effect of repeaters on the capacity and feasibility conditions 1536-1276/07$25.00 c 2007 IEEE for a CDMA mobile communications system. In [8] , the authors study repeaters as coverage extenders and how they modify interference in highways environments. Similarly, [3] and [9] deal with coverage, but also investigate variations in capacity due to the noise rise that appears in the donor BS when repeaters are installed. In order to minimize this effect, [10] proposes an automatic on-off switching repeater. Finally an analytic scheme for estimating the received signal power required at the BS front-end in an environment with fibreoptic repeaters is found in [11] . On the other hand, published studies always consider one of following assumptions: 1) RXs receive power just through the radio-link with the donor BS or through one of its repeaters. Other contributions are not considered in any way [10] , [11] . 2) All the contributions are always perfectly combined in the MT. Ideal maximum ratio combining (MRC) is applied [1] , [3] , [8] . The work in [9] evaluates the two situations independently, and also another one that is in the middle of them.
However, in comparison to classical approaches, in real systems the Rake RX has to perform a delay profile measurement to designate the time offsets of the strongest signal components. Only those paths within a certain time window are constructively combined, the others not being considered and causing a certain level of 'self-interference'. UMTS (Universal Mobile Telecommunications System) BSs and MTs can usually handle a 20 μs time delay between two paths [12] , and this value must be considered when repeaters are deployed, since MTs can incur into high levels of multi-path [13] .
The novelty of this paper is a generic and complete analysis of a WCDMA system with repeaters from a system level viewpoint. Compact expressions for the UL and downlinks (DL) are derived, so that transmission powers and other radio resource management (RRM) parameters can be calculated without any of the previously mentioned simplifications. This allows an enhanced prediction of the network performance when studying WCDMA environments with repeaters deployment. Moreover, a comparison with the results obtained using classical approaches has also been done. Different relevant parameters that characterize networks performance have been evaluated and compared. The differences with respect to simplified analysis are shown to be remarkable, stressing the improvement provided by the proposed analysis.
The paper is organized in 5 differentiated sections. After this introduction, the model is explained, as well as the notation subsequently used, in Section II. Next, in Section III the mathematical approach is developed along two subsections, the first one being devoted to the UL and the second one to the DL, some comments on final equations being also given. Section IV contains numerical results and, finally, Section V closes the paper with the conclusions derived from the work.
II. SYSTEM MODEL
Let us consider a mobile communications systems consisting of any number N BS of BSs, each one of them connected to any number of repeaters, N Rep (j) being the number of repeaters connected to BS j. The system layout can be completely generic, with no restriction on the spatial configuration and deployment of both the BS and the repeaters, and the links between BS and repeaters can also be of any nature. It is assumed that there are N MT MTs in the network, spread all around the area under study without any restriction; there are no restrictions on the service the MTs can use, either. A power control algorithm is present, being composed of the so-called inner and outer loops. The former aims at adjusting the transmitted powers, so that a certain signal to interference plus noise ratio (SINR) target before de-spreading for a user k is reached; this ratio is denoted as γ (k, s k ), s k being the BS that serves k. The latter intends to keep the quality of communications at a desired level in terms of block error rate (BLER) depending on higher layers' requirements. The expression for γ (k, s k ) is straightforward in the case of a generic WCDMA system without repeaters deployment [4] , but, with the introduction of repeaters, the analysis has to be modified. The different cases to be considered are shown by means of an example in Fig. 1 . Indeed, based on the position of an MT with respect to the network layout, the signal could be received in different ways (numbered in the figure): 1) Directly from the donor BS.
2) Simultaneously from the donor BS and one repeater.
3) Just from one repeater. 4) From the donor BS and several repeaters. 5) From several repeaters. 6) All the previous ones in a soft-handover situation with other BSs in the system or repeaters connected to other BSs. For example, type 2 areas are defined as the zones in which the difference of propagation times of both received paths (in this case from one BS and one of its repeaters) is smaller than the Rake time window. Otherwise, one of the paths would generate a level of self-interference, which is nonexistent in a deployment without repeaters. In this sense, the position of the MT with respect to each BS or repeater, the internal delay introduced by the repeater, and the transmission media in the link between the donor and the repeater are of key importance.
Lets us define Γ (k, j) as the set of mean propagation losses of the different paths between MT k and BS j, of dimension N P , that is:
Where each element L i (k, j) of the set represents the absolute propagation loss of the i-th transmission path from MT k to BS j:
• L MT −BS (k, j) is the radio propagation loss between k and j.
• L MT −Rep (k, r) is the radio propagation loss between k and a repeater r.
• L Rep−BS (r, j) is the loss between repeater r and j, r i (j) being the i-th repeater connected to j.
• G Rep (r) is the power gain provided by repeater r, being properly selected in order to avoid the saturation of the repeater amplifier. The subset Ψ (k, j) ⊂ Γ (k, j) is defined as the one containing the paths that are constructively combined by the Rake RX, that is, those within the Rake observing time window limits.
III. SIR ANALYSIS
The objective of this section is to derive a generic expression so that transmission powers can be realistically found in order to achieve the system requirements. This is done for each link (UL and DL), valid for all types of system layouts, irrespectively of the position of the MTs with respect to the BS or the repeaters. The following subsections are devoted separately to each link.
A. Uplink
Taking the system model and definitions into account, the SINR for MT k in UL before de-spreading γ UL (k, s k ), can be written as:
Where:
The transmission power used by k.
The UL multi-user interference power received by the connection between k and s k , for both inter-and intra-cells.
•P RX (k, s k ) The self-interference power of k at s k , being generated by signal replicas from k that arrive with such a delay that fall out of the Rake window.
• n BS (j): The thermal noise power produced by the BS RX.
• n RX,Rep (j): The received thermal noise power produced by all repeaters connected to BS j:
Note that the last two terms in the denominator are constant and can be grouped in a single thermal noise term, which is called n (s k ).
The numerator of (3) is the constructive addition of the signal's replicas that can be combined in the Rake RX. On the other hand, the term I UL (k, s k ) takes into account all the possible paths of interfering signals for all users in the system. Moreover, the self-interference level of k at s k can be expressed as:
Consequently, using the previous expressions, (3) can be rewritten as:
Some papers dealing with repeaters (e.g., [8] ) tend to make use of the quotient I other /I self ,the ratio of other cell to own cell interferences. The use of this factor is justified in many cases to obtain tendencies and first ideas about the behaviour of a network. However, in this case, for both UL and DL, this relationship has been avoided because the proposal aims at solving the system realistically.
From (6) , it can be seen that the useful received power at s k from k (numerator) can be expressed as the product between the transmitted power and a certain term that only depends on propagation conditions. Then, it is possible to see the inverse of this factor as an 'effective' equivalent loss. Looking at the numerator, this term is calculated as the parallel (using an electrical equivalency) of the loss of the paths inside the time window of the Rake RX. It can also be observed that this idea can be extrapolated to other terms of (6) . Indeed, the self-interference can also be written as the transmitted power divided by another effective loss, which is evaluated as the parallel of those paths not being constructively combined at the Rake RX. Finally, interference from any other MT m in the system is its transmitted power divided by the parallel of all paths between itself and the BS. Then, the following notation definitions are taken:
which correspond, respectively, to the effective path loss of all possible propagation paths between k and j, the effective path loss of only the paths constructively combined within the Rake RX, and the effective path loss considering the paths with such a delay that they appear outside the Rake time window. With this notation, some terms in (6) can be simplified as:
, ∀m|m = k (12) Using all these notations in (6), we can write a more compact expression for γ UL (k, s k ):
where P UL RX,tot (j) is the total power received at j, including all the signal and thermal noise terms.
Next, in order to further simplify (13), let us define φ UL as the SSIR (Signal to Signal-plus-Interference-plus-Noise Ratio) measured in the UL:
Thus, we finally obtain a compact and general expression that allows calculating the power that an MT must transmit to reach a certain SIR target:
Notice that the required transmission power depends on the total amount of power received at the server BS and the effective path loss (parallel) of those paths within the Rake time window. Obviously, it also depends on the SIR target. Observe that the total effective loss, that is, considering all transmission paths, is also being considered within the total received power term.
It is obvious that the greater the number of repeaters, the higher the dimension of Γ , but also, potentially, the dimension of Ψ. This would imply a decrease in L ef Γ (k, s k ) and consequently an interference increase; on the other hand, it would also imply a decrease in L ef Ψ (k, s k ) and therefore a reduction in the required power, see (8) . Then, the global increase or reduction of P UL T X (k) depends on the relative position of the BS and repeaters with respect to the users, not strictly only in a geographical viewpoint but also in the radiofrequency propagation domain. From (16) , it is clear that the transmitted powers can be calculated by solving the N MT th-order linear equations system formed by the application of this expression for each one of the MTs in the system. In general, N MT is high, therefore, this type of 'microscopic' approach requires a lot of computational power, especially if it has to be solved on a frame-by-frame basis. Nevertheless, a second relationship between P UL RX,tot (j) and the individual UL transmitted powers was established in (14) , so that the complexity of the problem can be turned into a 'macroscopic' approach, while remarkably reducing the computational cost. Indeed, we can write that:
where (16) has been used to substitute the numerator of the first term of (14) . As a consequence, the dimension of the equations system can be reduced to N BS , in the same way as it is usually done in WCDMA systems without repeaters deployment [14] , [15] . Since N BS is far smaller than N MT , the analysis is considerably reduced in terms of computational cost. The final linear equations system can be expressed in matrix notation as follows:
where Π UL RX,tot is a vector containing the unknowns, that is, the total received power at each BS:
N UL is a vector with the total thermal noise power (received from repeaters and the BS itself).
and Ω UL representing a N BS ×N BS matrix with individual elements calculated as follows, δ j,i being the Kronecker delta:
The summation is calculated over the MTs connected to BS i, which is indicated by 'm ∈ i', m being the summation index.
Note that the number of equations does not depend on the number of installed repeaters. Therefore, the computational cost to analyze the network with repeaters deployment is independent of their number, and we can afford using as much repeaters as needed without adding significant complexity to the network planning. Once the total received power has been calculated, the individual MT transmitted power can be calculated by using (16) .
MTs in soft handover can be also considered with minor changes in the formulation, which is an additional usefulness. In order to take these users into account, the different BSs to which the MT is connected (subsequently called active set) should be evaluated independently and, a posteriori, the connection that requires less power from the user should be selected. From an analysis viewpoint, if MT k has ε (k) BSs in its active set, it would be characterized as ε (k) independent MTs, each one connected to a different BS. Obviously, this indirectly implies a higher number of connections in the network and a more hostile scenario in terms of interference, as:
In this situation, it is necessary to solve the linear equations system twice. Firstly, a coarse adjust is done, with all virtual connections. Subsequently, a refined one should be done, once the optimum connection is chosen and the others are eliminated. Note that the BS that requires less power from the MT may not be the same as the best BS in the active set, which is selected according to the E c /I 0 levels measured on the common pilot channel.
B. Downlink
For DL, the objective of the analysis is to find a generic expression to evaluate the power that a certain BS j has to transmit to a given MT k, P DL T X (j, k), in order to meet all the users' requirements. Similarly to UL, and using the same notation, it is possible to write one single equation to calculate SINR:
where
DL Intra (j, k) stands for intra-cell one, and n MT (k) represents the total thermal noise power measured at MT k. Note that, in order to simplify notation, the same denomination for effective propagation losses has been used in both links, although these values may not match in FDD systems. Then, L ef Ψ (k, j) stands for the effective path loss from BS j to MT k considering only the paths that will be constructively added in the Rake receiver at k.
Note that in WCDMA systems such as UMTS, on the DL, all BSs in the active set are simultaneously transmitting. So if the user is in soft handover, I DL Inter (j, k) will depend on the specific BS link that is evaluated. Moreover, if j does not belong to the MT's active set, then P DL T X (j, k) = 0. Therefore, I DL Inter (j, k) can be written as:
where P DL T X,tot (j) is the total transmission power of BS j including the power devoted to MTs and control channels.
Concerning, I
DL Intra (j, k), the interference measured by k at the link with j, and caused by the BS itself, it is the summation of powers transmitted by the BS towards the rest of users in the cell plus the power devoted to control channels c (j), measured at k. Ideally, the interference should be zero, because of the use of orthogonal codes [4] (OVSF family codes in the UMTS case); however, in a real system a certain loss of orthogonality exists due to multi-path propagation. The effective interference will be then characterized by a fraction of the total power, by means of the so-called orthogonality factor ρ (j, k) ∈ [0, 1], whose value will depend on the type of environment and on the power delay profile of the channel. Note that we define ρ = 1 as a situation with full loss of orthogonality. It must be pointed out that if j does not belong to the active set of k, the intra-cell interference will be zero. Finally, a selfinterference term can also potentially appear in DL, and it is also included as part of the intra-cell interference. Given all these definitions, I DL Intra (j, k) can be expressed as (25). Note that the summation is calculated over the MTs connected to BS j, which is indicated by 'i ∈ j', i being the summation index.
Note that the total power transmitted by a BS j, P DL T X,tot (j), is expressed as:
If these expressions are substituted in (23), a new expression for γ DL (j, k) can be obtained:
The total received power at k, P DL RX,tot (k), has been used in the equation, being given by:
(28) Similarly to the UL case, this expression can be manipulated and simplified. However, in this case the SSIR will not be directly used. Instead, a derived term φ ρ (j, k) containing the orthogonality factor is defined and simplified by using (28):
Finally, from the previous expression, it is possible to obtain the power that j should transmit to k. Note that if j does not appear in the active set of k, γ DL (j, k) , and thus P T X (j, k), are equal to zero. Then, this power can be formulated as:
It can be seen that this expression is almost symmetrical to the one obtained for UL, and that the conclusions drawn are applicable. Again, this final equation allows finding the unknowns, P DL T X (j, k), by solving a N MT th-order linear equations system. Again, a dimensionality reduction will be an important issue to attain. Then, we propose a procedure similar to that performed for the UL.
Firstly, the total received power by k can be found directly from the total transmitted power by all BSs, (28). On the other hand, P DL T X,tot (j) is the sum of the individual transmitted powers to the MTs connected to j plus the power devoted to control channels. Obviously, this sum cannot exceed the maximum power available at the BS, P DL T X,max (j). Moreover, note that a user with several BSs in its active set will contribute to all the summations of those BSs as:
Given this, if (30) is substituted in (31), we get the expression that will allow reducing the dimension of the problem,
From this point, the problem can be posed again as a N BS th-order linear equations system,
where Π DL TX,tot is a vector of dimension N BS containing the unknowns:
Ω DL represents a matrix of dimension N BS × N BS with individual values calculated as follows:
and Φ DL is a vector of dimension N BS with individual elements calculated as follows:
Thus, after solving (33), the individual transmitted powers can be calculated for each MT by applying (30). Since the resolution of the linear equations system can give impossible solutions not fulfilling the inequality in (31), before calculating the individual powers the terms in Π DL TX,tot should be limited to the maximum available power at each BS.
In this way, a complete description and analysis of WCDMA networks is given when repeaters are deployed. We want to remark that all this analysis does not include any type of approximation regarding the combination of the signals at the Rake RX and all the signal terms present in the system (both useful and interference). Therefore, it allows characterizing the system with the same computational cost as classical approaches do, but considering the inclusion of repeaters in the system deployment and getting a higher accurate solution.
IV. NUMERICAL RESULTS
In order to evaluate several performance indicators of a WCDMA network, and to quantify the differences obtained when using the proposed analysis with respect to classical approaches (which include some approximations and simplifications), simulations have been run. All the numerical analyses described in the previous section have been embedded in the simulator, along with the assumptions that were described in Section II. Particularly, a system level simulator has been developed based on Monte Carlo experiments, which means that several snapshots of the network are sequentially generated and simulated. Experiments are independent among them, as a consequence MTs are randomly and uniformly scattered around the scenario at the beginning of each sample. The number of MTs in the first set of simulations has been adjusted so that the number of users not reaching the E b /N 0 required by the power control is 5% when using the MRC approach. This implies 93 users inside the pilot channel coverage area (details on coverage calculations will be given later on).
The study case scenario consists of a long road or railway like scenario, with one BS and one repeater that has been used as a coverage extender. The distance between the donor BS and the repeater is 4 km and the repeater has been installed in the direction of maximum gain of the BS's antenna. The objective is to cover a long portion of the road or railway. The link between them is considered to be an optical fibre with refraction index of 1.48 in the core and a length of 4.5 km. It is considered that the fibre is not installed along a perfect straight line between the BS and the repeater, but rather it can be part of a ring, continue railway path, etc. The gains of the transmitter and receiver in the link and the internal gain of the repeater are adjusted so that there is no amplifier saturation at the repeater. For radio propagation evaluation, the classical COST231-Hata propagation model for suburban areas has been used [16] , considering a 2 GHz carrier and radiation patterns from commercial antennas [17] . A summary of the main parameters values is shown in Table I . Different curves show the behaviour of MTs for different internal delays at the repeater and other active devices in the link between the donor BS and the repeater (from 5 to 11 μs), however note that what it is important is the difference between the absolute delays of the paths. The same results can be obtained for smaller internal delays in the repeaters, but for a longer fibre, etc. The curves with caption MRC and SEL stand for the cases in which classical approaches were used. Specifically:
• SEL: RXs receive power just through the radio-link with the BS or through one of the repeaters. Other contributions are not considered in any way. Note that this case is different from our proposal when only one path is recovered: those paths that are not used to recover the signal do generate interference and are taken into account as well.
• MRC: All contributions are always perfectly combined in the MT irrespectively of their different delays. Ideal maximum ratio combining of all paths is applied. Please see Section I for references about SEL and MRC cases. Because of the scenario structure, one of the first parameters to evaluate is the MT's transmission power as a function of the distance to the BS. From Fig. 2 , it can be seen that all curves show an expected upwards trend in the required transmission power as the MT gets farther away from the BS and enters the repeater's area of influence. By comparing cases, one can observe that differences with respect to the full MRC approach reach up to 3 dB for the case of a repeater with 9 or 11 μs delay, because the path from the BS is out of the Rake time window (20 μs). This implies two facts: first, it puts in evidence the presence of a term of self- 
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11 us 9 us 7 us 5 us SEL MRC Fig. 2 . UL transmission power as a function of the distance to the donor BS, for classical approaches and different internal delays at the repeater.
interference that causes an increase of the transmission power; second, in this situation, fewer paths can be combined, and therefore the attenuation suffered by the MT is greater than the one measured in a full MRC case. The percentage of area in which all the paths cannot be constructively combined is directly proportional to the repeater internal delay, therefore, the degradation observed with respect to the too optimistic classical consideration will also increase. Notice that with an internal repeater delay of 5 μs, there are very few areas in which all the paths cannot be combined, hence, results are very similar to the full MRC case. For distances over 7 km, we can show that the error obtained when using a classical approach keeps reducing until reaching a constant value of 1.5 dB. Under some circumstances, inaccuracies of this order may not be tolerable.
On the other hand, if just the best path is considered (SEL case) and the repeater had an internal delay of 5 μs, an error around 2 dB occurs by the approximated analysis along 1 km. The SEL curve tends to the MRC case when the MT is close to the BS. This behaviour is coherent, since the propagation path through the repeater is more than 10 dB below than that of the path through the BS, therefore, this signal contribution can be considered negligible. Conversely, when the MT reaches the repeater and continues moving away from the BS, the curve tends to the 9 μs case. The curve does not tend to the 11 μs case because the SEL approximation only considers one path, the others not being taken into account, and then not generating any kind of interference. Between these two clear areas, the results are more or less accurate depending on the internal delay of the repeater and the actual possibility of some signal replicas to be out of the Rake window.
Considering that all MTs have a maximum available transmission power (21 dBm-Table I-in our scenario), the previous reasoning induces to think that there are also important differences in the prevision of the percentage of users not reaching their E b /N 0 target (degraded users) between the classical approaches and the proposed analysis. Some results for this evaluation are shown in Table II , which actually shows the mean percentage of correctly served users. These values are obtained after analyzing all MTs at the end of each simulated snapshot. According to the full MRC or SEL approximations, around 95 % of users can be correctly served, which is a typical design constraint. However, this value is reduced to 86 % when the repeater has an internal delay of 11 μs. Therefore, the optimistic result may lead to accept as good an inappropriate system design when not using the proposed analysis. The differences are always higher with respect to the MRC approach, which is the most optimistic as it considers that all paths are always constructively combined. Even with a repeater with very low internal delay (5 μs) a difference of 1.4 % of users arises. The curves on Fig. 3 compare the normalized histogram of the DL transmitted power per MT obtained from the simulated samples. Since the orthogonality factor exhibits significant temporal variations [18] , two typical cases [19] of loss of orthogonality have been considered: in the first one, a coefficient (named 'rho' in the caption) equal to 0.6 is considered, and in the second one equal to 0.4, which is more common in low dispersive channels. In this case, the most optimistic classical approach (MRC) is compared with the enhanced proposal considering a worst case commercial repeater with 11 μs delay. It can be observed that the classical evaluation leads to a smoother error with respect to UL, since just a percentage of the total intra-cell power acts as interference; nevertheless, this error increases with the orthogonality factor. From the figure, it can be seen that for ρ = 0.6 the histograms are 1 dB displaced, but the value is quite smaller in environments with ρ = 0.4. The error is negligible as long as the accumulated delay in the link and repeater is under 5 μs, or if comparisons are drawn with the SEL case.
The same situations are subsequently evaluated in terms of coverage. Fig. 4 and Fig. 5 show the probability of coverage for each spatial point or pixel in the scenario. A pixel is considered to have coverage as long as it accomplishes these four conditions:
• The ratio of received energy per chip to the total power spectral density at the MT antenna connector E c /I 0 measured on the pilot channel is higher than -12 dB. The pilot channel is realistically introduced according to UMTS features and so it allows MTs to execute cell selection and soft handover procedures [20] as well as estimate channel conditions. • Once the MT has selected the cell, it has enough power so that the UL E b /N 0 target is reached.
• Similarly, to reach the DL E b /N 0 target, the MT does not need more power than the maximum allowed level per connection.
• The BS is not transmitting at its maximum transmission power, so it can serve new MTs.
Along the simulation and at the end of each snapshot, MTs and BS adjust their transmission powers. Under these load conditions, and before configuring a new sample, a test MT analyses all the pixels in the scenario and assesses the four conditions. This MT is transparent to the system and does not generate interference, i.e., it just acts as an evaluator and allows finding the probability of coverage for each pixel in the system realistically, without approximations.
It can be seen that, when the full MRC approach is used, with ρ = 0.4 the coverage is supposed to be guaranteed in every point between the BS and the repeater. However, when considering the real delays of the paths, a clear loss is obtained, especially in the repeaters area of influence. With the proposed evaluation, certain zones turn out to demand more power than the available one and as a consequence connections are degraded or dropped. Since interference is also increased, the evaluated levels of E c /I 0 on the pilot signals are affected too. These differences are much sharper when an orthogonality factor equal to 0.6 is considered, Fig. 5 , in which case the analysis reveals that the proposed layout would be clearly inappropriate in a real situation. This conclusion would not be reached if a classical evaluation had been performed.
Note also that in Figs. 4 and 5, when our proposal is used, the coverage area of the repeater is not as regular as in the classical case; there is a central zone in which the coverage is slightly extended. Indeed, it corresponds to the portion of the scenario in which all paths fall inside the window of the Rake RX and the limit can be easily defined because the scenario is plain (it actually forms a hyperbola). Note that with classical approaches, these variations cannot be considered, since the coverage does not depend on the internal delay of the repeater or the link with the donor BS.
Finally, admission regions for the network have been studied. Admission Control (AC) is a key RRM strategy in WCDMA systems. Since coverage and capacity are tightly coupled, a method that handles all new incoming traffic is mandatory. AC strategies decide whether a new radio access bearer can be admitted or not, according to a certain estimation of the current load. If the load stays below a certain threshold the new RAB will be allowed. The parameter η (j) defined in (37) represents the load factor in the UL measured at BS j, being directly related to the noise rise due to interference [4] . In our simulations this maximum threshold has been adjusted to 0.85, because it implies a typical value of 95 % of users correctly served when evaluating the scenario with classical approaches.
• P RX (j, i): Power received at BS m from MT i. In this sense, Fig. 6 shows the number of users that could be admitted in the study-case scenario. It can be seen that those results obtained when considering traditional approximations are optimistic. Indeed, when actual differences in delays are considered, the resulting admission region becomes smaller, being inversely proportional to the internal delay of the repeater. This degradation in capacity reaches the 8 % when the repeater has an internal delay of 11 μs. Moreover, it can be seen that there is almost no difference between the MRC and SEL cases, because the only difference between these two approaches is the effective attenuation that perceives the MT; on the other hand, the enhanced also introduces selfinterference terms, which have a direct and evident impact on the load factor (it is increased), and therefore, as it is shown, on the admission region size.
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Thus, from the previous paragraphs it is clear that classical approaches tend to give biased and optimistic results, since they ignore important effects on the network performance indicators. The proposed analysis is concluded to be required for a proper system evaluation and planning.
V. CONCLUSIONS
Along this paper, a realistic analysis of WCDMA networks with repeaters deployment has been presented. Generic and compact expressions for UL and DL have been derived, so that transmitted powers can be calculated without simplifications and the effect of interference generated by signal replicas with such a delay that fall out of the Rake RX window has been considered realistically. In our mathematical approach, after defining different sets of mean propagation losses, effective equivalent losses have been introduced, allowing obtaining more compact and generic expressions. Similarly, for the same purpose, the SSIR in the UL and a derived term in the DL considering the ρ factor have been introduced so that the problem has been able to be posed as an N MT th-order linear equations system. However, thanks to the relationships between P T X and P T X,tot (for the UL and DL) a dimension reduction of the power control problem has been attained and has allowed its resolution with the same computational cost as in basic WCDMA systems. Moreover, solving the obtained equations systems is independent of the number of repeaters and, therefore, the proposed approach does not introduce new extra computational cost. The proposal considers realistically the paths delays and the finite duration of the time window in Rake RXs, which is why more accurate metrics can be obtained from a system level viewpoint.
Furthermore, with the help of numerical simulations, one has tested which are the major differences between the results obtained by the proposed analysis and the ones by the classical approaches. Different performance indicators of WCDMA networks have been studied, being shown that classical approximations lead to unrealistic and too optimistic results. This, for example, could lead to accept bad planned networks as good designs. UL and DL transmitted powers have been evaluated, UL being the most affected link in terms of transmitted power with differences up to 3 dB. Because of the use of orthogonal codes, the differences in DL with respect to the classical approaches are smoothed, but especially higher accurate metrics are obtained in scenarios with high loss of orthogonality. The previsions on the number of non degraded mode users in the network would be also quite optimistic when classical approaches are used; in our example this value evolved from 95 % to 86 % when using the proposed method. Important reductions of coverage have been observed when the realistic behavior of the paths is considered. Finally, admission regions have been also compared, showing, one more time, that traditional approximations lead to inadequate too optimistic results. In the simulated layout, reductions in the number of admitted users can reach 8 % when the analysis is done with the presented proposal.
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